A mouse model was developed to evaluate the efficacy of antibiotic treatment of pneumonic plague; streptomycin was compared to antibiotics with which there is little or no clinical experience. Infection was induced by inhalation of aerosolized Yersinia pestis organisms. Antibiotics were administered by intraperitoneal injection every 6 hours for 5 days, at doses that produced levels of drug in serum comparable to those observed in humans treated for other serious infections. These studies compared in vitro to in vivo activity and evaluated the efficacy of antibiotics started at different times after exposure. Early treatment (started 24 h after challenge, when 0 of 10 mice tested had positive blood cultures) with netilmicin, ciprofloxacin, ofloxacin, ceftriaxone, ceftazidime, aztreonam, ampicillin, and rifampin (but not cefazolin, cefotetan, or ceftizoxime) demonstrated efficacy comparable to streptomycin. Late treatment (started 42 h after exposure, when five of five mice tested had positive blood cultures) with netilmicin, ciprofloxacin, ofloxacin, and a high dose (20 mg/kg of body weight every 6 h) of gentamicin produced survival rates comparable to that with streptomycin, while all of the beta-lactam antibiotics (cefazolin, cefotetan, ceftriaxone, ceftazidime, aztreonam, and ampicillin) and rifampin were significantly inferior to streptomycin. In fact, all groups of mice treated late with beta-lactam antibiotics experienced accelerated mortality rates compared to normal-saline-treated control mice. These studies indicate that netilmicin, gentamicin, ciprofloxacin, and ofloxacin may be alternatives for the treatment of pneumonic plague in humans. However, the beta-lactam antibiotics are not recommended, based upon poor efficacy in this mouse model of pneumonic plague, particularly when pneumonic plague may be associated with bacteremia.
Human infection with Yersinia pestis is usually manifested as bubonic plague. However, pneumonic plague also occurs, either as a result of primary inhalation of aerosolized organisms from close contact with pneumonic plague in a human or animal or secondary to metastatic infection associated with bacteremic spread from a primary bubonic focus. Pneumonic plague remains a threat to human health in areas in which this disease is endemic, as exemplified by a recent case in the United States (7) and recent outbreaks in India (8) and Zambia (30) . Pneumonic plague is particularly dangerous, with an incubation period of 3 to 5 days (44) and a mortality rate approaching 100% unless antibiotic treatment is initiated within 24 h of the onset of symptoms (31) .
Since its introduction in 1948, streptomycin has been the antibiotic of choice for the treatment of most forms of plague (4) . However, this drug is currently available in the United States only by specific request to the streptomycin distribution program of Pfizer, Inc., a circumstance which of necessity entails some delay in initiation of treatment. Besides streptomycin, there are a limited number of antibiotics with demonstrated efficacy for the treatment of plague in humans. Gentamicin and tetracyclines have been used with success (11, 23, 45) , while trimethoprim-sulfamethoxazole has also been employed, with both success (32) and disappointing results (6) . For the treatment of pneumonic plague, streptomycin, chloramphenicol, and the tetracyclines have demonstrated efficacy (11, 31) .
There are a number of antibiotics, including the quinolones, cephalosporins, ampicillin, amoxicillin, and rifampin, which demonstrate in vitro activity against Y. pestis (19, 43) , but there is little or no published human experience with these antibiotics for the treatment of plague in general and pneumonic plague in particular.
Studies of experimental bubonic plague in laboratory animals have demonstrated efficacy for a number of antibiotics, including quinolones, such as ciprofloxacin (25, 26, 35, 36) and ofloxacin (2, 25, 35) ; penicillins, such as ampicillin (5, 35) and amoxicillin (2) ; rifampin (28, 35) ; broad-spectrum cephalosporins, such as ceftriaxone (2, 37, 38) , cefoperazone (38) , cefotaxime (38) , and ceftazidime (38) ; and other aminoglycosides, such as gentamicin (41) and netilmicin (35) . However, none of these studies evaluated antibiotic efficacy for the treatment of pneumonic plague, and in all of them except one (5), antibiotic treatments were initiated within 24 h after challenge.
The purpose of these studies was to investigate the efficacy of a number of antibiotics, all with demonstrated in vitro efficacy against Y. pestis, for the treatment of pneumonic plague in a murine model of infection and to compare the efficacy of the tested drugs to streptomycin. For most studies, two antibiotic regimens were tested, one with early initiation (24 h after aerosol infection) and the other with late initiation (42 h after aerosol infection). This experimental design was used primarily to determine if any of the antibiotics tested were superior to streptomycin, particularly for the late treatment of pneumonic plague. In addition, this design provided for an assessment of differences in antibiotic efficacy for treatment of early, localized infection versus treatment of well-established, disseminated infection.
In order to investigate unexpected findings in the treatment of pneumonic plague, i.e., that late treatment with ceftriaxone appeared to accelerate mortality compared to normal-saline (NS)-treated control mice, the efficacy of streptomycin was also compared to ceftriaxone following subcutaneous infection with Y. pestis. These studies were performed to determine whether the problems observed with ceftriaxone therapy of pneumonic plague were unique to this form of the disease or if similar problems would also be observed in the treatment of bubonic plague with this antibiotic.
MATERIALS AND METHODS
Mice. Adult female Hsd:ND4 mice, 6 to 8 weeks old and weighing 19 to 25 g, were obtained from Harlan-Sprague-Dawley, Indianapolis, Ind., and were used for all studies. The mice had free access to food and water throughout the course of the study. When it was determined that death was imminent within a few hours, moribund mice were humanely euthanatized by cervical dislocation or injection with a solution consisting of ketamine, xylazine, and acetylpromazine. Time of death was recorded as the time of euthanasia, and these mice were included in all analyses of outcome. Usually 15 to 25% of the total number of deaths were the result of euthanasia.
In conducting the research described in this report, the investigators adhered to the "Guide for the Care and Use of Laboratory Animals," prepared by the Committee on Care and Use of Laboratory Animals of the Institute of Laboratory Animal Resources Commission of Life Sciences-National Research Council. The facilities are fully accredited by the American Association for Accreditation of Laboratory Animal Care.
Preparation of the Y. pestis challenge strain for aerosolization and subcutaneous injection. Y. pestis CO92 (kindly provided by T. Quan, Centers for Disease Control and Prevention, Fort Collins, Colo.) was originally isolated in 1992 from a fatal human case of pneumonic plague (16) . The 50% lethal dose (LD 50 ) in mice for this strain is 1.9 CFU when administered by subcutaneous injection (46) and 2.3 ϫ 10 4 CFU inhaled when administered by aerosolization (20) . The inoculum for aerosol challenge was prepared as previously described (1) . The suspension of Y. pestis was diluted to the appropriate aerosol challenge dose, and the exact concentration was determined by preparing 10-fold dilutions in heart infusion broth and plating aliquots on sheep blood agar plates (SBAP). The plates were then incubated for 2 days at room temperature, and the colonies were counted.
Aerosol infection. Inhaled doses of 100 Ϯ 50 LD 50 s of Y. pestis were administered to mice by nose-only aerosol exposure as previously described (1) . The aerosol was generated by a 3-Jet Collison nebulizer (29) and sampled continuously during the 10-min exposure (6 liters/min) with an all-glass impinger containing 10 ml of heart infusion broth. The aerosol concentrations were determined by plating dilutions of the sampled aerosol on SBAP and counting the colonies. The inhaled dose (CFU/mouse) was estimated by using Guyton's formula (22) .
Subcutaneous infection. Doses of 1 ϫ 10 4 to 1.5 ϫ 10 4 LD 50 s of Y. pestis CO92 were administered in a volume of 0.2 ml by subcutaneous injection in the interscapular area of the back.
In vitro antibiotic susceptibility testing. MIC determinations of the test strain of Y. pestis were performed at 35°C by an automated microdilution technique (Microscan; Baxter Diagnostics, Deerfield, Ill.), except for streptomycin. Because streptomycin was not available on a microdilution plate at the concentration required, the MIC was determined by broth macrodilution in MuellerHinton broth (39) . Y. pestis microdilution panels and broth macrodilution tubes were incubated for 48 h prior to MIC determinations. All antibiotics, or NS, were administered by intraperitoneal injection in a volume of 0.2 ml every 6 h (q6h) for 5 days, unless the mouse died during the antibiotic treatment course.
Assessment of antibiotic efficacy. Mice exposed to Y. pestis by aerosolization and subcutaneous injection were evaluated in groups of 15 to 20 (usually 20) . For groups of 20 mice, the statistical power of detecting a difference in efficacy of 50% for one antibiotic versus 90% for another is 0.81. Mortality was assessed and recorded every 6 h during antibiotic administration and daily for a minimum of 2 weeks after completion of the antibiotic course. Results from similar treatment groups were pooled for statistical analysis.
Antibiotic pharmacokinetics. Four to seven mice were terminally bled after being subjected to deep anesthesia with a solution containing ketamine, xylazine, and acetylpromazine at each time point specified (usually 15, 30, 60, 90, and 120 min after injection). Log-linear regression of the terminal elimination phase concentration data was used to calculate the elimination half-life (t 1/2 ϭ ln 2/k el , where k el is the elimination rate constant for each antibiotic) (21). The time above MIC was calculated by the formula Ϫln (MIC/a)/k el , where a is the y intercept of the time-concentration curve.
The antibiotic levels were determined according to a modified microbiological assay (18) by Microbiology Reference Laboratory, Cypress, Calif.
Quantitative blood cultures. Untreated Y. pestis-infected mice were used for quantitative blood culture determinations. Following anesthesia with a mixture of ketamine, acetylpromazine, and xylazine, 200 l of blood was obtained by intracardiac puncture. The blood was immediately diluted in 800 l of cold NS and then stored on ice, followed by serial 10-fold dilutions within 60 min. One hundred microliters from each dilution tube was spread on SBAP, in duplicate, and CFU were counted after incubation at room temperature for 48 h.
Pathology. Postmortem tissue samples of all major organs were collected from approximately 50% of the dead (including the euthanatized) animals during all studies, including antibiotic-treated mice and NS-treated mice. Tissue samples were fixed in 10% neutral buffered formalin and then routinely processed, embedded in paraffin, and sectioned (5-to 6-m-thick sections) for hematoxylin and eosin staining as previously described (13) . Selected replicate tissue sections were Giemsa stained and immunohistochemically evaluated for reactivity with polyclonal monospecific rabbit anti-fraction 1 (F1) capsule antiserum as previously described (13) .
Statistical analysis. Antibiotic efficacy for treatment groups was compared to that of streptomycin by Fisher's exact two-tailed test. In mice infected with aerosolized Y. pestis, the survival associated with late beta-lactam treatment was compared to treatment with NS by the LIFETEST Procedure, (Statistical Analysis System) (40) .
RESULTS
In vitro susceptibility tests. The test strain of Y. pestis, CO92, was susceptible to all of the antibiotics studied (Table  1) .
Pharmacokinetics. The peak levels of antibiotics in serum achieved in mice were equal to or greater than those achievable with therapeutic doses used for the treatment of other diseases in humans (Table 1) . Gentamicin was evaluated at two different doses: a low dose, which produced levels comparable to those observed in humans with administration every 8 to 12 h, and a high dose, which produced levels comparable to those obtained with once-daily administration (14) .
The t 1/2 varied from 11 to 17 min for the aminoglycosides to 377 min for rifampin (Table 1 ). In addition, five trough levels for ceftriaxone (obtained 6 h after injection, immediately prior to the next scheduled injection) were all Ն2 g/ml, indicating that the levels of this antibiotic in serum were above the MIC for the test organism for most of the time during the course of treatment.
Establishment of the streptomycin treatment model. Preliminary studies indicated that streptomycin administration, initiated 24 or 42 h after exposure and then administered q6h for 5 days, resulted in apparent cure of the infection in surviving mice. That is, in mice that survived the complete 5-day course of streptomycin, there were no deaths attributed to relapse of plague infection during the subsequent observation period. In contrast, when mice were treated with streptomycin administered q6h for 3 days, a substantial number of deaths due to pneumonic plague occurred after the antibiotic treatment course had been completed, indicating that the Y. pestis infection had not been cured. Since the 5-day course of streptomycin was effective, and because the 5-day treatment course required the same number of antibiotic doses (i.e., 20) as the standard 10-day treatment course for human plague infection, all other antibiotics were compared to the 5-day streptomycin regimen.
Antibiotic efficacy against experimental pneumonic plague.
Early treatment of pneumonic plague with streptomycin resulted in 100% survival, as did treatment with ciprofloxacin, ofloxacin, ceftriaxone, and netilmicin (Table 2) . Treatment with aztreonam, ampicillin, ceftazidime, and rifampin resulted in lower survival rates than treatment with streptomycin, but the differences were not statistically significant. Cefazolin, cefotetan, and ceftizoxime were significantly less effective than streptomycin.
Early treatment with both low and high doses of gentamicin demonstrated some efficacy, with survival rates of 80% for both doses, but there was a significant difference between these outcomes and survival with streptomycin. The failures associated with gentamicin appeared to represent the inability of this antibiotic to completely eradicate the challenge organism with a 5-day treatment course; i.e., all of the deaths occurred more than 72 h after completion of the 5-day course of gentamicin.
Additionally, histologic examination revealed numerous bacteria that were morphologically and immunohistochemically compatible with Y. pestis, without histologic evidence of gentamicin-induced renal lesions.
Late treatment with streptomycin, netilmicin, ciprofloxacin, and ofloxacin all resulted in similar survival rates (Table 3) . High-dose gentamicin (20 mg/kg of body weight) resulted in significantly better survival than did streptomycin.
Late treatment with all of the beta-lactam antibiotics tested resulted in very poor survival. In fact, late treatment with these antibiotics (Fig. 1 ) resulted in accelerated early mortality compared to concurrent NS-treated mice (P was Ͻ0.02 [Wilcoxon] for all beta-lactam antibiotics compared to NS). In comparison, survival following early treatment with beta-lactam antibiotics is illustrated in Fig. 2 . Note that survival is recorded by days, not hours as in Fig. 1 . As shown, most of the deaths associated with early treatment with beta-lactam antibiotics occurred after the course of the antibiotic had been completed. Late treatment with rifampin was also ineffective compared to streptomycin.
Antibiotic efficacy against experimental bubonic plague. For experimental plague initiated by subcutaneous injection of Y. pestis organisms, early treatment with ceftriaxone (initiated 24 h after infection) produced an inferior result compared to early treatment with streptomycin (Table 4) . Late treatment with ceftriaxone (initiated Ն42 h after infection) resulted in a dismal outcome, with no survivors for any of the treatment groups. However, ceftriaxone-treated mice experienced a more prolonged mean time to death than the NS-treated mice, in contrast to the accelerated mortality observed with late treatment of pneumonic plague with ceftriaxone. 2 to 10 7 CFU/ml (lower limit of detection, 50 CFU/ml), regardless of the time elapsed since challenge or whether the infection was initiated by aerosolization or subcutaneous injection.
Pathology. Histological examination of the necropsy specimens confirmed the diagnosis of plague as the cause of death in all animals. In the tissues of mice that died during the 5-day antibiotic treatment period, the numbers of Y. pestis organisms observed, particularly in the blood, spleen, or liver, were often diminished compared to NS-treated mice. Microscopic examination of infected tissue also revealed filamentous Y. pestis organisms, up to 24 times their normal length, in mice treated with certain beta-lactam antibiotics (ceftazidime, aztreonam, and ampicillin), as previously reported (13) . 
DISCUSSION
Of the antibiotics tested in this mouse model of experimental pneumonic plague, the most effective overall, compared to streptomycin, were ciprofloxacin, ofloxacin, and netilmicin. These antibiotics were equivalent to streptomycin for treatment initiated both early and late in the course of infection, and they may offer promise as alternatives to streptomycin for the treatment of pneumonic plague in humans or for prophylaxis against aerosol exposure.
Gentamicin is already used as an alternative to streptomycin for the treatment of human plague. This antibiotic demonstrated efficacy that was superior to streptomycin in this model of pneumonic plague when the high dose was used for late (but not early) treatment. Rifampin was effective when used for early but not for late treatment, so the use of this antibiotic might be limited to prophylaxis or treatment of an infection early in the course of human disease.
Although some of the beta-lactam antibiotics tested (ceftriaxone, ceftazidime, aztreonam, and ampicillin) demonstrated efficacy when started early, late treatment with all beta-lactam antibiotics produced very low survival rates. In fact, late treatment of pneumonic plague with all six of the beta-lactam antibiotics tested was associated with earlier death than with NS treatment. Although this acceleration of mortality associated with late beta-lactam treatment did not occur with experimental plague induced by subcutaneous injection and treated with ceftriaxone, the outcome with respect to overall survival was just as poor.
The paradoxical performance of the beta-lactam antibiotics, i.e., some were effective when started early but none were effective when started late, may be related to different factors. Beta-lactam efficacy is believed to correlate with the total time that levels of the antibiotic in serum are maintained above the MIC for the offending pathogen (17) . In these studies, for early treatment, effective cephalosporins and aztreonam all had t 1/2 of Ͼ30 min and times above MIC of Ͼ300 min, while ineffective cephalosporins had t 1/2 of 15 to 23 min and times above MIC of Ͻ200 min. Hence, efficacy of the beta-lactam antibiotics may follow predictions based on current knowledge of this class of antibiotics when the organism load is low, i.e., early in the course of infection. The exception was ampicillin, which demonstrated efficacy in spite of the shortest t 1/2 of the betalactam antibiotics tested, and this result remains inexplicable if antibiotic pharmacokinetics are used to explain the outcomes.
The poor performance of the beta-lactam antibiotics for late treatment of infection may well have been due to endotoxin release from organisms as a result of antibiotic effect, a topic which has attracted discussion and controversy in the past (24, 34) . Beta-lactam antibiotics have been associated with the release of greater amounts of endotoxin from gram-negative organisms, both in vitro and in vivo, than other classes of antibiotics, including aminoglycosides and quinolones (10, 12, 15, 33, 42) . Gentamicin, in fact, has been shown to inhibit the release of endotoxin (27) . The adverse effects associated with the initiation of betalactam antibiotic therapy have been reported to be more pronounced with a higher burden of organisms (3), and we observed a similar phenomenon in our studies. As noted, none of the untreated animals tested were bacteremic 24 h after initiation of infection, but all animals were bacteremic 42 hours after aerosol exposure to Y. pestis when the adverse effects attributed to the beta-lactam antibiotics were noted.
Effective late treatment of experimental bubonic plague in mice with a beta-lactam antibiotic has been reported in one previous study, by Butler , in which ampicillin administration initiated 48 h after infection produced survival rates comparable to streptomycin, although the ampicillin-treated mice appeared more ill than the streptomycin-treated mice (5) . In contrast, in our studies late treatment with ceftriaxone, starting 42, 48, or 54 h following subcutaneous infection, produced no survivors. This discrepancy in antibiotic efficacy may be explained by the larger number of organisms, 10 4 CFU, used for subcutaneous challenge in our studies (which resulted in 100% mortality in NS-treated control mice), than the 10 3 CFU in Butler's studies (which resulted in 40 to 80% mortality in similarly treated control mice). Presumably, this difference in challenge inocula resulted in a larger burden of Y. pestis organisms in our studies at the time antibiotic treatment was initiated, with an associated decrease in efficacy of ceftriaxone compared to streptomycin.
The relevance of our observations of beta-lactam antibiotic therapy in this murine model of pneumonic plague to human pneumonic plague is not known. However, rapid clinical deterioration following initiation of treatment with beta-lactam antibiotics for pneumonic plague has been reported for one patient treated with ceftazidime (16) , two patients treated with ampicillin (30) , and one patient treated with ceftriaxone (9) .
Other areas of potential discordance between this model and human disease include the different pharmacokinetic properties of the antibiotics in mice and humans and the fact that all of these studies were performed with a single test strain of Y. pestis. With respect to the first consideration, it should be noted that the antibiotic peak levels in mice are all achievable in humans with the same antibiotics. The differences in pharmacokinetics in mice, manifested primarily by shorter t 1/2 and more rapid elimination of antibiotics, would tend to bias these studies towards antibiotic failure in this model. It would not be expected that improved pharmacokinetic properties in humans with the antibiotics tested would result in clinical failures of therapy when successful outcomes were observed in this mouse model. For the beta-lactam antibiotics, the failure of late treatment was certainly not the result of different pharmacokinetics in mice, because, as discussed previously, success associated with early treatment with this class of antibiotics correlated with an accepted pharmacokinetic parameter of beta-lactam therapy, the time above MIC. For the aminoglycosides, the shorter t 1/2 dictated that doses be increased to produce levels in serum comparable to those observed in humans treated with once-daily dosing. Success comparable to streptomycin was observed when this was done, even though ideally the aminoglycosides would have been administered more frequently than q6h. For the quinolones, regardless of pharmacokinetic properties, efficacy comparable to streptomycin was observed. Thus, the results of these studies are believed to be relevant to the treatment of human disease.
Regarding the use of a single strain of Y. pestis for all studies, although it is theoretically possible that different strains would produce different results in this model of plague, we know of no evidence to suggest that Y. pestis CO92 responds differently to antibiotics than other strains of plague previously used in animal models.
In summary, compared to streptomycin, the most effective of the antibiotics tested in this murine model of pneumonic plague were ciprofloxacin, ofloxacin, and netilmicin. These three antibiotics were equivalent to streptomycin for both early (initiated 24 h after infection) and late (initiated 42 h after infection) treatment. Gentamicin was superior to streptomycin in a single instance, but only when the high dose was used for late treatment. The beta-lactam antibiotics exhibited paradoxical efficacy, as some were effective when started early but none were effective when started late. Based upon these studies, ciprofloxacin, ofloxacin, netilmicin, and gentamicin offer promise as alternatives to streptomycin for the treatment of human pneumonic plague, while the penicillins, cephalosporins, and the monocyclic beta-lactam aztreonam cannot be recommended.
